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ABSTRACT

The far-infrared fine-structure line [C II] at 1900.5 GHz is known to be one of the brightest
cooling lines in local galaxies, and therefore it has been suggested to be an efficient tracer
for star formation in very high redshift galaxies. However, recent results for galaxies at
z > 6 have yielded numerous non-detections in star-forming galaxies, except for quasars
and submillimetre galaxies. We report the results of ALMA observations of two lensed,
star-forming galaxies at z = 6.029 and z = 6.703. The galaxy A383-5.1 (star formation
rate [SFR] of 3.2 M yr−1 and magnification of μ = 11.4 ± 1.9) shows a line detection
with L[C II] = 8.9 × 106 L , making it the lowest L[C II] detection at z > 6. For MS0451-H
(SFR = 0.4 M yr−1 and μ = 100 ± 20) we provide an upper limit of L[C II] < 3 × 105 L ,
which is 1 dex below the local SFR–L[C II] relations. The results are consistent with predictions
for low-metallicity galaxies at z > 6; however, other effects could also play a role in terms of
decreasing L[CII] . The detection of A383-5.1 is encouraging and suggests that detections are
possible, but much fainter than initially predicted.
Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies:
ISM – submillimetre: galaxies.

1 I N T RO D U C T I O N
During the past decade, the number of galaxies with measured redshifts z > 6 has increased significantly (e.g. Hu et al. 2002; Iye et al.
2006) with even a few spectroscopic redshifts of z > 7 (Vanzella
et al. 2011; Ono et al. 2012; Schenker et al. 2012; Shibuya et al.
2012; Finkelstein et al. 2013; Oesch et al. 2015; Watson et al.
2015; Zitrin et al. 2015), demonstrating the tremendous potential
for progress of our understanding of galaxy formation during the
first billion years after the big bang. There is an even larger number
of galaxies with photometric redshifts z > 6 (e.g. McLure et al.
2013; Smit et al. 2015); however, spectroscopic redshifts are essential for studying the physical properties of the interstellar medium
and the gas that fuels the star formation. Because of the intrinsic high luminosity and the large gas masses, several starburst and
quasar host galaxies have been studied in great detail at z > 6 (e.g.
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Maiolino et al. 2005; Venemans et al. 2012, 2016; Riechers et al.
2013; Wang et al. 2013; Bañados et al. 2015; Cicone et al. 2015;
Willott, Bergeron & Omont 2015a). Such galaxies are interesting
to understand the evolution of the most massive galaxies but are not
representative of the overall galaxy population.
Various tracers are used for determining the properties of the gas
in star-forming galaxies. In terms of studying molecular gas, CO is
most commonly used as it is the second most abundant molecule
and with bright emission lines from the rotational transitions that are
visible in the (sub-)mm bands. One of the brightest lines seen in the
far-infrared (FIR) in local star-forming galaxies is the fine-structure
(FS) line [C II] (2 P3/2 → 2 P1/2 ) at 1900.537 GHz, which is found
to correlate with the star formation rate (e.g. De Looze et al. 2014;
Sargsyan et al. 2014). While local studies of the FIR FS lines are
difficult due to the opacity of the Earth’s atmosphere, at high z the
lines are shifted towards the (sub-)mm bands and thus observable
with ground-based telescopes.
With the increased ground-based capabilities of mm-wavelength
telescopes, it has become possible to search for the [C II] line in less
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extreme galaxies at z > 6. However, a clear picture of this line as a
tracer of the star formation is not emerging. Recently, Capak et al.
(2015) and Willott et al. (2015b) detected [C II] in bright Lymanbreak galaxies (LBG) at 5 < z < 6 and z ∼ 6.1, respectively, with the
[C II] line luminosities and SFR following similar relations as those
found for local star-forming galaxies. The galaxies are UV-luminous
(1–4L∗ ; we use L∗ for the corresponding redshift), representing the
bright end of the UV-luminosity function. Maiolino et al. (2015)
targeted three LBGs within the redshift range z = 6.8–7.1, but
did not detect the [C II] line despite the galaxies having estimated
SFRs ∼5–15 M yr−1 . However, they find a detection that is offset
from one of the targets possibly explained by feedback and/or gas
accretion. Similarly, Schaerer et al. (2015) obtained upper limits for
two other LBGs at z ∼ 6.5–7.5, of which one is lensed and with subL∗ luminosity. Lyα emitting galaxies have been observed, including
the massive Lyα-blob ’Himiko’, however, no confirmed detection
has so far been obtained (e.g. Kanekar et al. 2013; Ouchi et al. 2013;
González-López et al. 2014; Ota et al. 2014). Almost all of these
galaxies have non-detections in the FIR continuum suggesting a
low dust-mass. Watson et al. (2015) found a clear detection of
dust emission from a spectroscopically confirmed z = 7.5 galaxy,
however, did not detect an expected bright [C II] line in the frequency
range covered. The galaxy is strongly lensed by a magnification
factor of 9.5, thus providing constraints on a sub-L∗ galaxy.
In this letter we present ALMA observations of [C II] for two
sub-L∗ galaxies at z > 6. The two sources are A383-5.1 (z = 6.027)
and MS0451-H (z = 6.703), which have estimated SFRs of 3.2
and 0.4 M yr−1 , respectively, and estimated magnification factors
of μ = 11.4 ± 1.9 and 100 ± 20, respectively (Richard et al.
2011; Stark et al. 2015, Kneib et al., in preparation). The strong
lensing of both galaxies enables us to probe intrinsically fainter
luminosities and SFR than previous observations. We assume a
CDM cosmology with H0 = 67.3 km s−1 Mpc−1 , M = 0.315,
and  = 0.685 (Planck Collaboration XVI et al. 2014).

necessary. The pipeline includes the steps required for standard reduction and calibration, such as flagging, bandpass calibration, as
well as flux and gain calibration. A conservative estimate of the
absolute flux calibration is 10 per cent. In the case of A383-5.1, a
continuum source, flux density ∼2 mJy, is seen 11 arcsec south
of the point centre. We attempted to self-calibrate using this relatively bright source; however, this did not significantly improve the
sensitivity.
The data were imaged both as continuum and spectral cube using
natural weighting. A continuum image was produced combining
all spectral windows, while a spectral cube was constructed for
the spectral window tuned to the redshifted [C II] line. The obtained resolution is 0.86 × 0.67 arcsec2 PA = 94◦ for A383-5.1
and 1.6 × 0.9 arcsec2 PA = 84◦ , and in both cases the rms is
11 µJy beam−1 . The rms in a 15.6 MHz channel near the redshifted
line is 0.125 mJy beam−1 and 0.163 mJy beam−1 for A383-5.1 and
MS0451-H, respectively.

2 O B S E RVAT I O N S

3 R E S U LT S

We observed the sources MS0451−H and A383−5.1 with ALMA
in Cycle-2. The observations were carried out in 2014 December and
2015 January and May. A separate receiver setup was used for each
source tuning to the redshifted [C II] line; for A383 at z = 6.0271 the
central frequency was 270.462 GHz and for MS0451-H at z = 6.703
it was 246.727 GHz. The correlator was used in the frequency domain mode with one spectral window (spw) having a bandwidth of
1.875 GHz centred on the aforementioned frequencies, and the three
other available spw’s used a continuum setup with a bandwidth of
2 GHz each distributed over 128 channels. The telescope configuration has baselines extending between 15 and 350 m for MS0451-H
and 15 to 540 m for A383-5.1; the observations include baselines
longer than initially proposed for. The integration time was 1.9 h for
MS0451-H and 4.6 h for A383-5.1. Table 1 summarizes the details
of the observations including a list of the calibrators.
Reduction, calibration, and imaging were done using CASA (Common Astronomy Software Application;2 McMullin et al. 2007). The
pipeline reduced data delivered from the observatory were of sufficient quality; no additional flagging and further calibration was

In case of A383-5.1 we detect the redshifted [C II] line. The spectrum
is shown in Fig. 1 together with an image of the integrated line overlaid on a near-infrared HST F140W image from the CLASH survey
(Postman et al. 2012).3 We fit a Gaussian line profile to the extracted
spectrum and use this to derive the line properties. The resulting fit
parameters are: central frequency ν = 270.4448 ± 0.0061 GHz,
peak flux of Speak = 0.96 ± 0.19 mJy, and full width at halfmaximum linewidth of V = 100 ± 23 km s−1 . This corresponds
to an integrated line intensity I[C II] = 0.102 ± 0.032 Jy km s−1 (including the flux uncertainty added in quadrature). We derive a redshift of z[C II] = 6.0274 ± 0.0002, which is in agreement with the
optical/UV redshift of 6.029 ± 0.002 (Richard et al. 2011) and the
C III] redshift of 6.0265 ± 0.00013 (Stark et al. 2015). We note the
spectrum has been extracted from a data cube, which was imaged
using natural weighting and tapering with 2D Gaussian with a corresponding 1 arcsec width as the source appears to be marginally
extended. Using the uv-data of collapsed spectral channels around
the peak of the emission line, we estimate the size of the source to
be ∼0.16 arcsec assuming a 2D Gaussian brightness distribution;
however, due to the modest signal-to-noise ratio it is difficult to
accurately measure its extent. The continuum is not detected, and
we place a 5σ upper level 55 µJy.

1 The setup for A383-5.1 was based on the redshift from Richard et al.
(2011), the redshift was revised to 6.029 following observations of the
counter-image A383-5.2 (Stark et al. 2015).
2 https://casa.nrao.edu

Table 1. Summary of the ALMA observations.
Date
MS0451-H
10-12-2014
26-12-2014
26-12-2014
A383-5.1
31-12-2014
14-01-2015
17-01-2015
23-05-2015
23-05-2015
24-05-2015
24-05-2015

3

Nant
Flux

Calibrators
Bandpass

Gain

37
40
40

J0423−013
Uranus
Uranus

J0423−0120
J0338−4008
J0423−013

J0501−0159
J0501−0159
J0501−0159

36
38
35
34
34
34
34

J0423−013
Uranus
Uranus
J0238+166
J0423−013
J0238+166
J0238+166

J0423−0120
J0423−013
J0224+0659
J0423−013
J0423−013
J0224+0659
J0423−013

J0239−0234
J0239−0234
J0239−0234
J0239−0234
J0239−0234
J0239−0234
J0239−0234

https://archive.stsci.edu/prepds/clash/
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Figure 2. The ALMA band-6 spectrum extracted at the position of the
MS0451-H arc. The vertical line and grey area indicate the corresponding
redshift and uncertainty determined from the Lyα line. The top-axis shows
the velocity relative the Lyα redshift.

Figure 1. Top: HST WFC3 F140W image overlaid with the contours of the
integrated spectral line. The contours show 2, 3, 4, 5σ , and dashed show
−2σ . The apparent gradient of NIR emission increasing from the lower part
of the image is caused by the bright emission from the central galaxy of the
A383 cluster. Bottom: ALMA spectra extracted at the position of A383-5.1
and centred at the frequency of the redshifted [C II] line. The green solid
curve shows the best-fitting Gaussian. The vertical dashed line and grey area
show the corresponding redshift and uncertainty determined from the Lyα
line, and the red dashed line and area correspond to the redshift measured
from CIII] (Stark et al. 2015). The top-axis shows the velocity relative the
Lyα redshift.

In the field around A383-5.1 we also detect two continuum
sources, at 02:48:03.4, −03: 31: 44.86 with a flux of 2.2 mJy,
and at 02:48:02.8, −03: 31: 27.67, integrated flux of 0.25 mJy, and
an estimated source size of 2.4 × 1.1 arcsec2 PA = 60 ◦ . The former
is associated with the cD galaxy of the cluster (z = 0.188), and the
latter is associated with a spiral galaxy at z = 0.65 (denoted as B18
in Smith et al. 2001).
For MS0451-H, we do not detect a line, and in Fig. 2 we show
the extracted spectrum from the region corresponding to the nearinfrared (NIR) source; as for A383-5.1, the spectrum was extracted
from a cube that was imaged using natural weighting and tapering.
We measure a rms of 0.05 mJy beam−1 for a channel of 100 km s−1 .
Assuming this corresponds to the full width at half-maximum width
of the line, we estimate a 5σ upper limit of 0.026 Jy km s−1 . We do
not detect the continuum and place an upper limit of 55 µJy.
We estimate the [C II] line luminosity using L[C II] = 1.04 ×
10−3 SV DL2 νobs (e.g. Solomon & Vanden Bout 2005; Carilli &
Walter 2013). De Looze et al. (2014) have investigated the [C II]
line as a SFR estimator for local star-forming galaxies against other
probes and for different classes of galaxies. We use the relation for
low-metallicity galaxies to estimate the SFR from L[C II] under the
MNRASL 462, L6–L10 (2016)

assumption that the [C II] line traces star formation in the galaxies.
Furthermore, we use the continuum upper limit to estimate the FIR
luminosity upper limits assuming a modified blackbody spectrum
with a temperature T = 35 K and β = 1.6 (e.g. Rémy-Ruyer et al.
2013). For comparison with the SFR derived from the optical/NIR
observations, we estimate a SFR from the LIR assuming a Chabrier
IMF (e.g. Carilli & Walter 2013). We correct the values for the
estimated gravitational magnification (Richard et al. 2011, Kneib
et al., in preparation). Results and upper limits are summarized in
Table 2. We note that the CMB temperature is 19.1 and 21 K for
z = 6.027 and z = 6.703, respectively. Following the analysis of
da Cunha et al. (2013), we estimate that the CMB heating would
increase the temperature by less than a per cent for the assumed
values and that about 14–20 per cent of the intrinsic continuum flux
density would be missed due to the CMB background emission.
4 DISCUSSION
A383-5.1 has the lowest [C II] luminosity among all detections of
this line at z > 6, and the upper limit for MS0451−H is more than
1.5 dex below other upper limits. Both galaxies are selected as UVbright, star-forming, and with gravitational magnification >10. The
latter enabled us to do deeper observations than previously presented
and thus probe towards SFRs and stellar masses comparable to the
low-mass end and less extreme systems. In Fig. 3 we show the
results together with results for other high-z and local galaxies.
Using combined stellar population synthesis modelling and photoionization modelling of the gas-component, Stark et al. (2015)
find that the metallicity is log (Z/Z ) = −1.33 for A383-5.1. This
relatively low metallicity is comparable to the metallicity found in
some nearby dwarf galaxies. The line luminosity for A383-5.1, as
well as the MS0451-H upper limit and the IR luminosity limits,
is similar to nearby, low-Z dwarfs. Using Herschel PACS spectroscopy, Cormier et al. (2015) studied the properties of FIR FS
lines, including the [C II] line, of the low-Z ISM of dwarf galaxies.
The L[C II] /LIR ratio has a large scatter for dwarf galaxies, and the
lowest metallicity systems, Z/Z < 1/20, agree with that scatter.
Based on the L[C II] of A383-5.1, assuming a ratio of 0.6 per cent and
0.06 per cent, we estimate LIR ∼ 1.4–14 × 109 L . This is partly in
agreement with the lower limit on the L[C II] –LFIR ratio derived from
our results (see Table 2), suggesting that the [C II] line contributes
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Table 2. Resulting properties for A383-5.1 and MS0451-H together with UV-optical estimates.
Name
A383-5.1
MS0451-H
a The

zLyα

z[C II]

μ

6.029 ± 0.002
6.703 ± 0.001

6.0274 ± 0.0002
...

11.4 ± 1.9
100 ± 20

L[C II]
[L ]
(8.9 ± 3.1) × 106
<3.0 × 105b

a

SFR[C II]
[M yr−1 ]

LIR
[L ]

SFRIR
[M yr−1 ]

SFRoptical
[M yr−1 ]

0.68 ± 0.24
<0.04

<0.5 × 1010
<0.07 × 1010

<0.5
<0.07

3.2
0.4

error includes the uncertainties from the line fit, the flux calibration, and the uncertainty on the magnification.
a linewidth of 100 km s−1 as measured for A383-5.1

b Assuming

Figure 3. The [C II] line luminosity L[C II] versus star formation rate. Black
squares show the detection A383-5.1 and the sensitive upper limit for
MS0451-H (corrected for magnification). We also include the recent z ∼ 6
results from Ouchi et al. (2013), Ota et al. (2014), González-López et al.
(2014), Willott et al. (2015b), Maiolino et al. (2015), Capak et al. (2015),
Schaerer et al. (2015), Knudsen et al. (2016). The L[C II] –SFR relation, where
the green region shows the relation for local star-forming galaxies and the
orange region shows that for low-metallicity dwarf galaxies (De Looze et al.
2014). The blue solid and dotted line shows the resulting relation from lowmetallicity simulations (Vallini et al. 2015) (solid: Z = 0.05 Z , dotted:
Z = 0.2 Z ) and the magenta dash–dotted line the results for massive z ∼ 2
galaxies (Olsen et al. 2015).

significantly to the cooling. For MS0451-H, we do not have an estimate for the metallicity given the limited optical (rest-frame UV)
data available (Kneib et al., in preparation).
The sample from Capak et al. (2015) contains bright LBGs with
luminosities > L∗ and in the redshift range 5 < z < 6, and while
this is below the redshift range that we are probing (z > 6), it is
to date the largest sample of [C II] detections of galaxies that are
not quasar host galaxies or SMGs. That sample is in reasonable
agreement with the SFR−L[C II] relations seen for local galaxies
(e.g. De Looze et al. 2014). Similarly, the two LBG detections from
Willott et al. (2015b) also follow these relations. On the other hand,
several [C II] searches towards both LAEs and LBGs have resulted
in non-detections (Ouchi et al. 2013; Ota et al. 2014; GonzálezLópez et al. 2014; Maiolino et al. 2015; Schaerer et al. 2015),
where several observations provide upper limits below the local
SFR−L[C II] comparable to our detection of A383-5.1.
With an excitation temperature of 91.2 K and the ionization potential of carbon of 11.2 eV, the [C II] is a good tracer of the dif-

fuse ISM, of the cold neutral medium (CNM) phase as well as of
the photon-dominated regions (PDRs) caused by star formation in
molecular clouds. Both models and observations of nearby galaxies
show that [C II] emission is an efficient cooling line and that the line
luminosity is correlated with the star-formation rate of galaxies (e.g.
De Looze et al. 2014; Sargsyan et al. 2014); however, for IR bright
starburst galaxies and AGN, the efficiency drops (e.g. Dı́az-Santos
et al. 2013).
It is unclear why so many z > 6 galaxies remain undetected,
or, as in the case of A383-5.1, show a fainter than predicted [C II]
line. It has been suggested that low metallicity is the main reason.
As shown in PDR modelling, the [C II] line intensity decreases for
lower metallicity, although not linearly (e.g. Röllig et al. 2006).
Given that the [C II] line correlates well with the SFR for nearby,
low-metallicity galaxies (e.g. De Looze et al. 2014), it would be
expected that this is also the case for high-z low-metallicity galaxies. However, the [C II] deficit suggests that the physical conditions
are very different from nearby low-Z galaxies. This [C II] deficit
is different from the classical one found for FIR luminous galaxies
(e.g. Luhman et al. 2003; Stacey et al. 2010). Aside from metallicity
playing a role, other mechanisms could contribute, such as a harder
radiation field which could further ionize the carbon into C++ ; in
fact the spectral modelling of A383-5.2 (the counterimage) yields a
high ionization parameter logU = 1.79 (Stark et al. 2015). In such
case, observations of e.g. CIII] lines would reveal elevated ratios.
Increased temperature of the ISM and PDRs would result in other
FS lines being more efficient coolants and thus brighter than [C II] .
For example, the [OIII] 88 µm line is normally expected to be tracing HII regions rather than diffuse and clumpy inter-cloud medium
(see e.g. Cormier et al. 2015, for further details). Further, we note
that gas-phase carbon could be depleted on to carbonaceous dust
grains.
In simulations of high-z galaxies, the recent study by Vallini
et al. (2015) focused on differences arising when taking into account varying metallicity. Vallini et al. (2015) produce a metallicitydependent relation for L[C II] –SFR based on a constant metallicity
distribution throughout the simulated galaxy (z = 6.6). For low
Z, Z = 0.05–0.2 Z , the relation is below that of local galaxies.
A383-5.1 has a metallicity similar to the low-Z assumption of the
Vallini et al. (2015) model. The model results are consistent with
our detection of A383-5.1, which suggests that metallicity plays an
important role. However, given that we only have one detection and
the remaining being non-detections, we cannot confirm this. We
show the Vallini et al. model results in Fig. 3, and, for comparison,
include the resulting relation from multi-phase ISM simulations of
z ∼ 2 massive galaxies by Olsen et al. (2015), which tends to follow
the relations seen for local galaxies.
It is, however, important to also investigate the selection bias
for high-z galaxies. The fact that Lyman α emitters, despite high
estimates for SFR, remain undetected in the relatively deep ALMA
MNRASL 462, L6–L10 (2016)
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observations of the [C II] line could suggest that SFRs are overestimated and while the Lyα emission likely traces star formation,
a fraction of it could be powered by other mechanisms, such as
shocks of gas inflow.
To summarize, while it has been suggested that [C II] would be a
relatively bright tracer for star formation in high-z galaxies – and
with the advantage of being redshifted into the ∼1 mm wavelength
range – the recent results show that the line luminosity does not
follow the same correlations as local galaxies. With the A383-5.1
detection, we find that it is possible to detect [C II] towards z > 6
star-forming galaxies, although the line luminosity is lower than
predicted from local galaxies and also from high-z SMGs and QSO
hosts. This implies that future observations have the potential to
yield detections, although the predicted line flux will likely be lower
than when derived from local relations, even when using local low-Z
relations.
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Bañados E., Decarli R., Walter F., Venemans B. P., Farina E. P., Fan X.,
2015, ApJ, 805, L8
Capak P. L. et al., 2015, Nature, 522, 455
Carilli C. L., Walter F., 2013, ARA&A, 51, 105
Cicone C. et al., 2015, A&A, 574, A14
Cormier D. et al., 2015, A&A, 578, A53
da Cunha E. et al., 2013, ApJ, 765, 9
De Looze I. et al., 2014, A&A, 568, A62
Dı́az-Santos T. et al., 2013, ApJ, 774, 68
Finkelstein S. L. et al., 2013, Nature, 502, 524
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